Here we report the characterization of a Spodoptera frugiperda multiple nucleopolyhedrovirus isolate, named SfMNPV-6nd, that does not cause the liquefaction of the host integument. The sequencing of the chitinase A (v-chiA) gene from SfMNPV-6nd revealed that it had a frameshift mutation that greatly reduced size of the putative enzyme. In order to evaluate the suitability of SfMPNV-6nd as a biopesticide, this isolate was compared with the highly virulent SfMNPV-19. Our results showed that the LC 50 of the two isolates were not significantly different, but that SfMNPV-6nd took a longer period of time to kill second instar S. frugiperda than SfMNPV-19.
Introduction
Baculoviruses are arthropod specific viruses that have been isolated from many species of Lepidoptera and from a few species of Diptera and Hymenoptera (Tanada, 1993) . Infection with baculoviruses is generally associated with an intense degradation of the host integument. The combined activity of a viral encoded chitinase, V-CHIA, and cathepsin, V-CATH, is responsible for this liquefaction process. The involvement of these two enzymes was first demonstrated in deletions mutants of Autographa californica multiple nucleopolyhedrovirus, AcMNPV, that lost the capacity to liquefy the host (Hawtin et al., 1997) . Similarly, the deletion or the modification of the chitinase genes (v-chiA) from Spodoptera exigua multiple nucleopolyhedrovirus, SeMNPV, or Bombyx mori nucleopolyhedrovirus, BmNPV, results in mutant viruses that do not liquefy the host integument (Dai et al., 2000; Daimon et al., 2007; Wang et al., 2005) .
The fall armyworm, Spodoptera frugiperda (Lepidoptera: Noctuidae), is a severe threat to corn culture in Brazil where losses of up to 34% in corn yield have been reported due to infestation with this pest (Carvalho, 1970) . S. frugiperda nucleopolyhedrovirus (SfMNPV) is a potential biocontrol agent for S. frugiperda. However, SfMNPV geographical isolates identified to date promote an intense degradation of the larval integument. This trait is unpropitious for the production of polyhedra because the handling of the degraded larvae is cumbersome. This difficulty is aggravated because S. frugiperda frequently burrows into the diet resulting in a mixture of diet and larval tissues that further complicates the polyhedra extraction process. In our experience, freezing the larvae facilitates handling and minimizes losses of polyhedra. Another option is to collect the infected larvae before the degradation process starts. However, precise timing for collection is required to avoid severe yield reductions. The difficulties involved in the extraction of SfMNPV polyhedra are particularly detrimental when large scale production is considered.
Here we report the characterization of SfMNPV-6nd, an isolate that does not cause the liquefaction of the infected larvae (nd = non-degrading). The absence of liquefaction is a feature that greatly facilitates the manipulation of infected larvae for the production of a baculovirus based biopesticide. But, to be the isolate of choice for a commercially viable biopesticide SfMNPV-6nd has to display adequate levels of virulence. Thus, in this investigation we compared SfMNPV-6nd with the highly virulent SfMNPV-19 isolate (Barreto et al., 2005) . Our results showed that both isolates were equally effective in terms of lethal concentrations, but that SfMNPV-6nd was slower than SfMNPV-19 in relation to the speed of kill. We also showed that SfMNPV-6nd v-chiA had a frameshift mutation which generated a premature stop codon. The SfMNPV-6nd isolate was obtained from larvae originally collected in a corn field of Cascavel, State of Parana, in the Southern region of Brazil. The viruses obtained from larvae collected in the field were kept in the Laboratory of Biological Control (EMBRAPA, CNPMS, Sete Lagoas, MG, Brazil), where they were multiplied in healthy larvae. During multiplication it was observed that some infected larvae did not display integument degradation typical of SfMNPV infection . Polyhedra obtained from this isolate were sent to our laboratory where the virus was multiplied in healthy third instar larvae to build a stock for further analysis. Neonate larvae were also infected with dilutions of the original SfMNPV-6nd stock in order to confirm that it was homogeneous with respect to the non-degrading phenotype. Two consecutive rounds of infections with dilutions were done following the procedure for ''in vivo'' cloning of Smith and Crook (1988) .
DNA extraction and PCR amplification of the v-cath and v-chiA genomic regions
DNA was extracted from polyhedra-derived virus particle following standard procedures (O'Reilly et al., 1992) . PCR amplifications of the genomic region that harbours the v-chiA and the v-cath genes were carried out with genomic DNA from SfMNPV6nd. The PCR program used was: 94°C/240 s; (94°C/30 s; 54°C/ 30 s; 72°C/45 s) Â 33 cycles; followed by an extension period of 7 min. at 72°C. The following oligonucleotides were used as primers for amplification of the v-chiA gene: 5 0 TCCCGTTCCCAAAT ATCG3 0 and 5 0 GCAACGCGACTATTGTTTTG3 0 ; and for the v-cath gene: 5 0 TCGCCTCCACCACCTTTAC3 0 and 5 0 TTCGATCCGACCAATCAA-TAC3 0 . These primers were designed based on the sequence from the SfMNPV-19 genome . The amplicons obtained in the reaction were purified with the E.Z.N.A Cycle Pure Kit (Omega Bio -Tek, Inc.).
Sequencing of the SfMNPV-6nd v-chiA and v-cath genes
The amplicons generated for the v-chiA and v-cath regions of isolate 6nd were sequenced using as primers the oligonucleotides of the PCR reactions and internal primers designed for sequencing by ''primer-walking''. Sanger reactions were done by cycle sequencing using Eppendorf thermo-cycler (Eppendorf) with the ABI PRISM Big Dye Terminator sequencing ready reaction kit v. 3 (Applied Biosystems). Electrophoreses were done on ABI 377 DNA Sequencer (Applied Biosystems). Aligner version 1.3.4 (Codon Codes Corporation) was used for contig assembly using default Phrap and Phred parameters. The sequence obtained was checked manually in order to detect errors and to confirm possible mutations. Alignment of the sequences from the isolate SfMNPV-6nd and from isolate SfMNPV-19 was done using the program MEGA version 3.1 (Tamura et al., 2007) .
Bioassays comparing SfMNPV-6nd and SfMNPV-19 activity in S. frugiperda larvae
In order to evaluate the biological activity of the non-degrading mutant, bioassays were done with SfMNPV-6nd and SfMNPV-19, a highly virulent isolate (Barreto et al., 2005) whose genome has been sequenced . For the determination of the lethal concentration, a total of three bioassays were done, along a period of approximately 6 months, using 2148 larvae that formed 42 concentration groups (21 for SfMNPV-19 and 21 for SfMNPV6nd). These bioassays were carried-out using an adaptation of the droplet-feeding method (Hughes and Wood, 1981) . Neonate larvae were kept in an incubator at 26°C and 60% relative humidity (R.H.) using a carioca bean-based artificial diet (Kasten et al., 1978) . Three days after hatching (second instar) the larvae were starved for 12 h and then allowed to feed in a solution containing 0.1% sucrose, 0.01% of blue color food dye, and seven different concentrations of OBs. The viral concentrations in these dilutions were chosen based on results obtained in preliminary bioassays. OBs concentration varied from 1300 OBs/mL to 4.9 Â 10 7 OBs/mL. At least 42 larvae were infected for each viral concentration. Larvae were allowed to feed on the viral solutions for about 2 h. After this period, larvae that turned blue, due to the ingestion of the dye, were transferred to a 6-well-tissue culture plate containing approximately 6 g of diet. For each of the three replications, new viral dilutions were prepared from the same viral stock. At least 42 larvae were used as control in each assay. These larvae were subjected to the same treatment of the infected larvae, except for the absence of OBs in the sucrose and dye solution. Insects from the same population cohort were used in each individual treatment. Larval mortality was recorded every second day starting at 2 days post-infection and continued until all larvae either turned into pupae or died. The statistical analysis were done with the Polo-Plus program (LeOra Software).
The speed of kill of isolates SfMNPV-6nd and SfMNPV-19 were also investigated. In these bioassays, corn leaves washed with sodium hypochlorite and distilled water were inoculated with viral suspensions. Larvae were allowed to feed on these leaves for 48 h. After this period the larvae were transferred to cups with artificial diet (Kasten et al., 1978) . Four replicates were done for each isolate and an experimental cohort consisted of 21 to 41 second instar larvae. A total of 207 and 308 larvae were used in the bioassays with LC 50 and LC 95 , respectively. Mortality was checked at 16 and 24 h intervals and time zero was defined and the moment the larvae were exposed to the viral inoculums. Kaplan-Meier Estimator available in the SPSS statistical package (IBM) was used to estimate the survival time.
Results and discussion

Infection of S. frugiperda larvae with SfMNPV-6nd
Infection with most baculovirus species results in the liquefaction of the larval integument. With SfMNPV the liquefaction process is normally very intense and is unpropitious for the manipulation of infected larvae, especially for the production of large quantities of the virus. This is in contrast with what was observed when S. frugiperda larvae were infected with SfMNPV-6nd (Fig. 1A) . These larvae acquired a pinkish color, remained intact after death and were easily manipulated in the laboratory. On the other hand, larvae infected with SfMNPV-19 were difficult to manipulate as parts of their integument tended to collapse. Neonate larvae that developed infection after feeding on leaves inoculated with highly diluted SfMNPV-6nd were exclusively of the nondegrading phenotype. This result is a strong indication that the SfMNPV-6nd stock was pure with relation to the non-degrading phenotype.
PCR amplification and sequencing of the v-chiA and v-cath genomic region
The amplicons encompassing the v-chiA and the v-cath regions of SfMNPV-6nd were successfully synthesized and produced fragments that corresponded to the expected sizes of 2552 bp and 2343 bp, respectively (data not shown). The sequence of both fragments were determined and compared to those of isolate SfMNPV-19 with MEGA 3.1 (Tamura et al., 2007) . The alignments revealed that the genes were identical except for a one base deletion in the v-chiA gene of SfMNPV-6nd (Fig. 1B) . This deletion, located 297 bp downstream from the first coding base, resulted in a frameshift mutation which produced a stop codon after position 309 (Fig. 1B) . The mutated gene had the potential to encode a polypeptide of 103 amino acids, which was less than 1/ 5th of its wild type counterpart. Besides its greatly reduced size, the putative protein lacked the typical chitinase active site signature (Terwisscha van Scheltinga et al., 1994). In SfMNPV-19 and SfMNPV-3AP2 the active site signature (FDGVDIDWEF) is positioned between amino acid residues 302 and 311 (Harrison et al., 2008; Wolff et al., 2008) . It is therefore highly unlikely that the SfMNPV-6nd V-CHIA would be a functional enzyme and this is in accordance with the non-degrading phenotype of the isolate. The sequence of the SfMNPV-6nd chiA gene region was deposited in the Genbank (accession number GQ330502).
Comparison of biological activity
Although SfMNPV-6nd consistently displayed lower LC 50 values than SfMNPV-19 in the individual bioassays, the difference to the The adenine located at position 297 of the v-chiA from SfMNPV -19 (circled) was deleted in SfMNPV-6nd. The resulting frameshift mutation changed the carboxyl end of the putative polypeptide from the SfMNPV-6nd. The 4 terminal amino acids and the termination codon generated due to the deletion are shown within a box. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) LC 50 of the two isolates was not statistically significant as indicated by the 95% confidence interval (Table 1) . Moreover, the 95% confidence interval of the lethal concentration ratio includes 1 (Table 1) , which further supported that the LC 50 of the two isolates were not significantly different (Wheeler et al., 2006) . On the other hand, our results indicated that SfMNPV-6nd took considerable longer periods of time to kill S. frugiperda larvae (Table 1) . For instance, the differences in mean survival times for the two isolates were of 16. 9 h for the LC 50 and of 22.2 h for LC 95 .
Crop damage is likely to increase with longer survival times. Therefore, the longer lethal time displayed by SfMNPV-6nd could be a limitation for field application. This shortcoming, however, could be circumvented. One possible solution would be the inactivation of the egt gene. The deletion of the egt gene from AcMNPV and Anticarsia gemmatalis multiple nucleopolydrovirus, AgMNPV, resulted in recombinant viruses with considerable improvements in the speed of kill (O'Reilly and Miller, 1991; Pinedo et al., 2003) . Moreover, the high speed of kill of isolate SfMNVP-3AP2 seems to be related with the natural deletion of the egt gene (Behle and Popham, 2012; Harrison et al., 2008) .
In conclusion, SfMNPV-6nd showed to be highly virulent in terms of lethal concentration and the handling of the infected larvae was greatly facilitated due to the maintenance of larval integument integrity. These results are supportive of the potential of this non-degrading isolate as a biopesticide. 
